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ABSTRACT
We analyze three Chandra observations, with a combined exposure time of 99 ks, of the Galactic
supernova remnant RCW 103, a young supernova remnant, previously with no clear detection of
metal-rich ejecta. Based on our imaging and spectral analyses of these deep Chandra data, we find
evidence for metal-rich ejecta emission scattered throughout the remnant. X-ray emission from the
shocked ejecta is generally weak, and the shocked circumstellar medium (CSM) is a largely dominant
component across the entire remnant. The CSM component shows abundances of ∼0.5 solar, while
Ne, Mg, Si, S, and Fe abundances of the ejecta are up to a few times solar. Comparison of these ejecta
abundances with yields from supernova nucleosynthesis models suggests, together with the existence
of a central neutron star, a progenitor mass of ∼ 18-20 M, though the Fe/Si ratios are larger than
predicted. The shocked CSM emission suggests a progenitor with high mass-loss rate and subsolar
metallicity.
Subject headings: ISM: supernova remnants — X-rays: ISM — X-rays: individual(RCW 103)
1. INTRODUCTION
RCW 103 is a young Galactic supernova remnant
(SNR) that is bright at X-ray, radio, optical, and in-
frared wavelengths. Xing et al. (2014) have also recently
reported a likely γ-ray detection with Fermi. Its age
is estimated as ∼2000 yrs (Carter et al. 1997; Nugent
et al. 1984), and a number of studies suggest a distance
of ∼3.3 kpc (Westerlund 1969; Caswell et al. 1975; Nu-
gent et al. 1984; Reynoso et al. 2004; Paron et al. 2006).
The presence of a central object (Tuohy & Garmire 1980)
indicates a core-collapse origin.
Oliva et al. (1990, 1999) performed infrared (IR) spec-
troscopy on the southern edge of RCW 103 and found
emission from both molecular and ionized gas, mainly
in the form of H2 and [Fe II] lines. They found the
molecular emission to be displaced to the outside of the
atomic emission. Multi-band imaging observations from
the Two Micron All Sky Survey (Rho et al. 2001) and
Spitzer (Reach et al. 2006; Pinheiro Gonc¸alves et al.
2011) confirm these findings for the southern edge of
the remnant and find similar, but fainter, emission in
the northwest. The IR emission is mostly filamentary,
though Spitzer 24 µm images also show diffuse emission
throughout most of the remnant that closely follows the
X-ray morphology. The optical morphology follows that
of the filamentary IR emission, with a bright region of
filamentary emission in the south and a smaller region in
the northwest (Leibowitz & Danziger 1983; Ruiz 1983;
Carter et al. 1997). Carter et al. (1997) find an optical
expansion rate of 1100 km s−1.
Radio observations of RCW 103 at 2372 and 1362
MHz reveal a diffuse nearly circular shell of emission,
with additional bright filamentary emission in the south
and northwest that matches the optical and IR emission
(Dickel et al. 1996). 12CO and HCO+ observations pro-
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vide further evidence for interaction with a molecular
cloud in the south (Paron et al. 2006), as does nearby
OH(1720 MHz) maser line emission (Frail et al. 1996).
Most X-ray observations have targeted the unusual
central compact object (CCO). Visible only in the X-
ray (De Luca et al. 2008) and with a periodicity of 6.68
hours (Esposito et al. 2011), the nature of this CCO is
still being debated (Reynoso et al. 2004; Li 2007; De Luca
et al. 2008; Pizzolato et al. 2008; Bhadkamkar & Ghosh
2009; Esposito et al. 2011; Ikhsanov et al. 2013). X-ray
observations also reveal a nearly circular shell ∼8′ in di-
ameter, similar in morphology to the diffuse radio emis-
sion. Nugent et al. (1984), using Einstein observations,
fit non-equilibrium ionization plasma models to the X-
ray spectrum and found Mg, Si, S, and Fe abundances
near solar, leading them to conclude that the X-ray emis-
sion is primarily due to shocked interstellar medium. The
IR analysis of Oliva et al. (1999) also found no enhanced
abundances. On the other hand, a more recent anal-
ysis of a Chandra observation by Lopez et al. (2011)
found moderately supersolar abundances of Mg, Si, and
Fe (abundances of all other elements were fixed to solar).
The overall picture of RCW 103 is that of a young
remnant just beginning to interact with the surround-
ing CSM and molecular cloud, particularly in the south.
However, despite this interaction, the X-ray and radio
morphology is nearly circular. Combined with measure-
ments of the magnetic field orientation (Dickel et al.
1996) and optical expansion rate (Carter et al. 1997),
this suggests RCW 103 has only transitioned from the
ejecta-dominated double-shock phase to the swept-up
CSM-dominated phase of its evolution within the last few
hundred years. The lack of a clear detection of metal-rich
ejecta is thus particularly puzzling, as one would still ex-
pect emission from ejecta so close to the transition time.
RCW 103 has been observed several times with the
Chandra X-ray Observatory (Weisskopf et al. 1996). We
report here results of a spectral and spatial analysis that
combines the three deepest Chandra observations, with a
total exposure of ∼100 ks, to provide an updated, com-
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Table 1
Observation Parameters
ObsID Date Exposure (ks) Instrument
970 2000-02-08 18.9 ACIS-S3
12224 2010-06-27 17.8 ACIS-I
11823 2010-06-01 62.5 ACIS-I
prehensive picture of the diffuse X-ray emission of RCW
103. The observations and data reduction procedure are
described in §2. Analyses of X-ray images, equivalent
width images, and spectra of 27 regions are presented in
§3 and discussed in §4. Conclusions are presented in §5.
2. OBSERVATIONS AND DATA REDUCTION
here are numerous available Chandra observations of
RCW 103 taken with the Advanced CCD Imaging Spec-
trometer (ACIS). The majority of these have short ex-
posures (a few ks) and are targeted at the CCO, utiliz-
ing only a 1/4 subarray of a single ACIS-I CCD; they
therefore cover only a fraction of the surface area of the
remnant and the combined exposure time over most of
the remnant is short compared to the other observations.
The earliest observation, ObsID 123, was taken with a
warmer focal plane temperature of -110 C, and we there-
fore do not include it as no CTI correction is available
for such spectra. We use the remaining three ACIS ob-
servations, providing a total of 99.2 ks of exposure time.
Details are given in Table 1. ObsIDs 11823 and 12224
were imaged with the ACIS-I array. RCW 103, with a
diameter of ∼8′, fits easily within the full ACIS-I field of
view. ObsID 970 was imaged with the back-illuminated
ACIS-S3 chip. RCW 103 is slightly wider than the ACIS-
S3 field of view, resulting in portions of the eastern and
western edges of the remnant falling outside the chip
boundary.
Reduction and analysis of the observations was car-
ried out with CIAO 4.5 and CALDB 4.4.10. The CIAO
task chandra repro with standard parameters was used
to create new level two event files. Examination of the
background light curves revealed only one period of high
background, in ObsID 970. The 2.6 ks interval was re-
moved prior to further analysis. Event files were repro-
jected to the common tangent point of ObsID 11823 for
the imaging analysis. Merged, exposure-corrected im-
ages were created from the reprojected event files.
3. ANALYSIS AND RESULTS
3.1. X-ray Images
A three-color image of RCW 103 (Figure 1) reveals the
CCO, which dominates the & 1.7 keV emission. There is
no evidence for an associated pulsar wind nebula. Large
swaths of the soft emission in the northeast quadrant,
and to a lesser extent the southwest, appear to be ab-
sorbed or very weak. In particular, there is a distinc-
tive C-shaped ‘hole’ just northeast of the CCO, in which
nearly all the X-ray emission has been absorbed, a fea-
ture also visible in the mid-infrared (Figure 2, see also
Pinheiro Gonc¸alves et al. 2011).
The portions of the outermost edge that correspond
to the brightest emission at 8 µm (Figure 2) are also
N
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Figure 1. Three-color, square-root scale, image of RCW 103,
smoothed with a two pixel gaussian. Red = 0.3− 0.85 keV, green
= 0.85−1.70 keV, blue = 1.7−3.0 keV. Green and blue are weighted
by factors of 1.75 and 7, respectively, relative to red. An 8′ diam-
eter circle centered on the CCO is shown in white.
Figure 2. Archival Spitzer images of RCW 103 at 24 µm (red),
8 µm (green), and 4.5 µm (blue) with the 8′ circle from Figure 1
in white. The 24 µm emission traces heated dust, the 8 µm image
shows the location of ambient unshocked gas, and the diffuse 4.5
µm emission approximately traces heated molecular gas (see Reach
et al. 2006; Pinheiro Gonc¸alves et al. 2011).
very soft in X-rays (red in Figure 1). Overall the X-ray
emission gets harder with decreasing radius. The bright-
est emission comes from the southern region, where the
remnant is interacting with a molecular cloud and ambi-
ent atomic gas. The overall morphology is quite circular
and ∼8′ in diameter, though the remnant appears to be
elongated toward the southwest and the east. The 24
µm emission, tracing shock-heated dust, has an almost
identical morphology.
In many young SNRs, strong ejecta emission is found in
distinct metal-rich X-ray features with abundances that
are several times solar, such as the knots in G292.0+1.8
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(Park et al. 2004), the ejecta ‘bullets’ in the Vela SNR
(Miyata et al. 2001; Katsuda & Tsunemi 2006) and the
‘Head’ region in N49 (Park et al. 2012). There are sev-
eral knots and filaments throughout RCW 103, including
several distinctive protrusions from the southeast edge of
the remnant and one in the west, that are reminiscent
of these ejecta features seen in other remnants. We in-
vestigate the spectral characteristics of these and other
features to search for evidence of ejecta in §3.3 and §4.3
(individual regions are discussed in the appendix).
3.2. Atomic Line Equivalent Width Images
To investigate the distribution of atomic lines through-
out the remnant we followed the method of Hwang et al.
(2000) (see also Park et al. 2002) to construct equivalent
width images (EWIs) for lines visible in the integrated
spectrum (Figure 3): S, Si, Mg, Ne Lyα, and Ne Heα+Fe
L. EWIs for the Ne Heα+Fe L and Ne Lyα lines were
constructed using ObsID 970 only, as the ACIS-S3 chip
has substantially larger effective area than ACIS-I at low
energies. Mg, Si, and S EWIs utilized all three obser-
vations. The line bands used to create the EWIs are
given in Table 2, along with the associated continuum
bands. The equivalent width was set to zero in pixels
where the estimated continuum flux was < 15% of the
mean to avoid noise due to poor photon statistics in the
faint edge regions of the remnant. The resulting EWIs
are shown in Figure 4. The EWIs serve primarily as
a qualitative guide for a more effective regional spectral
analysis (§3.3), and no attempt is made to interpret them
quantitatively.
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Figure 3. Integrated spectra of RCW 103 from 0.5− 3.0 keV, for
ObsID 11823 (black), 12224 (red), and 970 (blue). Bands used for
constructing the EWIs are shown above each line (or line combi-
nation in the case of Ne Heα+Fe L).
The S, Mg, and Si EWIs look broadly similar, dis-
tributed mainly in two large concentrations in the east
and west and weaker in the north and south. S is limited
to smaller regions on the outskirts, while Si and Mg are
more widely spread and extend further into the interior.
Mg in particular has significant emission almost to the
very center. All three are anti-correlated with the bright
southeast region.
Table 2
Photon Energy Bands Used for EWIs
Atomic Lines Line Low Continuum High Continuum
(keV) (keV) (keV)
Ne Heα+Fe L 0.81− 0.98 0.75− 0.80 1.10− 1.14
Ne Lyα 1.00− 1.07 0.75− 0.80 1.10− 1.14
Mg 1.28− 1.41 1.21− 1.25 1.43− 1.48
Si 1.75− 1.93 1.68− 1.73 1.95− 2.05
S 2.35− 2.54 1.95− 2.05 2.58− 2.68
Unlike S, Si, and Mg, both the Ne Heα+Fe L and Ne
Lyα emission tends to be more uniform throughout the
remnant. The Ne Lyα emission is strongest in the south-
ern half of the remnant, while Ne Heα+Fe L is strongest
in the southeast and the north. However, it is important
to note that due to their close spacing and position near
the peak of the X-ray spectrum, it is more difficult to de-
termine the local continuum for these lines; the resulting
EWIs are thus more uncertain than those of Mg, Si, and
S.
3.3. Spectral Analysis
Based on the X-ray and equivalent width images, we
chose 27 regions for spectral analysis (Figure 5), with
2500−16000 counts per region (Table 3). For each region,
individual spectra were extracted from each observation
using the CIAO script specextract with standard pa-
rameters for the full 0.1 to 8.0 keV band. Spectra were
grouped to have a minimum of 20 counts per bin. Cor-
responding background spectra were extracted from a
source-free region outside of the remnant, ∼6′ north of
the central object, and subtracted for the purposes of
spectral fitting. Spectra for each region are shown in
Figures 6 and 7.
All regional spectra show clear Kα line features from
highly ionized He-like Mg and Si ions. This confirms
the indications from the Mg and Si EWIs that they are
widely distributed throughout the remnant. The S line
visible in the integrated RCW 103 spectrum is absent or
very weak in many of the regional spectra, suggesting, as
does the S EWI, that sulfur has a patchier distribution
than Mg or Si and/or is weak throughout the remnant.
We fit these spectra using XSPEC v12.8.1 (Arnaud
1996). An absorbed, non-equilibrium ionization state
(NEI) plane shock model with variable abundances was
used (tbabs*vpshock, Borkowski et al. 2001). An aug-
mented version of ATOMDB (Smith et al. 2001; Fos-
ter et al. 2012) that includes atomic data accounting for
inner-shell lines and updated Fe L-shell lines was used
(Badenes et al. 2006), along with solar abundances from
Asplund et al. (2009). We fit these spectra in the range
0.5 − 3.0 keV. The spectra from all three observations
were fit simultaneously (except where ObsID 970 was
excluded for regions outside its field of view), with Ob-
sID 970 multiplied by an extra normalization, C970, to
allow for slight differences in effective area calibrations
between ACIS-I and ACIS-S. The electron temperature,
ionization timescale, normalization, and absorption were
allowed to vary. We also varied the Ne, Mg, Si, S, and
Fe abundances (with other elemental abundances fixed at
solar). In eight cases the S abundance could not be con-
strained; for these regions S was fixed to solar. The same
applies to the Fe abundance in region B, which contains
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Figure 4. (a) - (e): Equivalent width images with broadband X-ray contours overlaid in white. Scales are in keV. The regions chosen for
spectral analysis are shown in black (see Figure 5 for region labels). The Ne Heα+Fe L, and Ne Lyα EWI were constructed using only
ObsID 970. The Mg, Si, and S EWI utilized all three observations. The central holes in the Mg, Si, and S EWIs are the result of the strong
continuum emission of the CCO above ∼1 keV. (f): The three-color X-ray image from Figure 1 with the same regions and contours (green
and white, respectively) as shown in (a) - (f).
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Figure 5. Regions chosen for spectral analysis overlaid on the
X-ray image. Scale is in counts per pixel, where the raw image has
been binned by a factor of 2.
the lowest number of counts. We also fit each spectrum
with all elemental abundances fixed to solar except those
that significantly improved the fit when they are varied.
The resulting best-fit parameters were consistent with
those obtained from allowing all five abundances to vary.
In general, freezing a given abundance only resulted in
a better fit if its best-fit value when free was consistent
with solar. For the sake of consistency between the re-
gions and in order to provide uncertainties, we therefore
report the results of fitting with all five abundances free
(except where unconstrained). Changing the absorption
model had no significant effect on the results. Switching
the solar abundances from Asplund et al. (2009) to An-
ders & Grevesse (1989) resulted in ∼20% lower values of
NH, marginal increases in the Si abundances, and ∼50%
higher Mg abundances. All other parameters were not
significantly affected. The best-fit model parameters for
each region are given in Table 3 and visualized in Figure
8.
Throughout most of the remnant, the electron temper-
ature is 0.53 keV . kT . 0.63 keV, with an average of
0.58 keV. The two exceptions are regions B and I, with
temperatures of 0.80+0.17−0.11 keV and 0.34 ± 0.05 keV, re-
spectively. Region B has poor photon statistics, resulting
in large uncertainties, consistent with a temperature as
low as 0.69 keV. Region I is more unusual; the tempera-
ture is well-constrained and it appears to have an excess
of emission at .1 keV, demonstrated by its spectrum
(Figure 7) and solid red color in Figure 1. These factors
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Figure 6. Spectra and best-fit vpshock models for regions A − P. All observations were fit simultaneously: ObsID 11823 (black), 12224
(red), and 970 (blue). Vertical axis is count rate in units of counts s−1 keV−1.
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Figure 7. Spectra and best-fit vpshock models for regions Q − Z, AA, and the Hole. All observations were fit simultaneously: ObsID
11823 (black), 12224 (red), and 970 (blue). Vertical axis is count rate in units of counts s−1 keV−1.
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suggest the low temperature is real, and not a result of
poor statistics.
The average absorbing column density is NH= 0.95×
1022cm−2. NH is lowest in the southeast and increases
to the north and west, spanning a range from 0.56 ×
1022cm−2 to 1.44× 1022cm−2. Not unexpectedly, the C-
shaped ‘hole’ in the northeast has the highest measured
column density, along with region T.
The highest ionization timescales, ∼ 1012 s cm−3, seem
to correspond to the brightest emission, regions X, Y, Z,
M, and P, in addition to region C. The remaining regions
have lower ionization timescales, typically a few 1011 s
cm−3, with an overall average of ∼ 5×1011 s cm−3. In
general, ionization timescales are higher in the south.
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Figure 8. Best-fit NH, kT and net values (top) and abundances
(bottom) overlaid on the X-ray image. Column density (green) is
in units of 1022cm2, kT (blue) is in units of keV, and ionization
age (purple) is in units of 1012 s cm−3. Abundances are in solar
units. The vertical tick marks are at 0.5, 1.0, and 1.5 with the
dotted line at 1.0. Error bars represent 90% confidence intervals.
Ne is subsolar in most regions with an average value of
0.71 Ne, typically ranging from 0.4 to 1.0 Ne. Fe has
a higher average abundance of 0.88 Fe. Eight regions
have Fe abundances larger than 1 Fe, reaching as high
as 1.46 Fe. The remaining regions have Fe< 1 Fe and
span a wide range from 0.2 to 0.93 Fe. Compared to
Ne and Fe, Mg and Si have lower overall abundances,
typically between 0.4 and 0.8 solar. The average Mg and
Si abundances are 0.60 Mg and 0.64 Si, respectively,
with a few regions going as high as ∼1. Because of the
weak S line in many regions, the spectral fits were not al-
ways able to constrain the S abundance. It is constrained
in about two-thirds of the regions, with values typically
between 0.3 S and 0.8 S and an average of 0.60 S.
The largest is ∼1 S in region U. However, uncertainties
in the S abundances are much larger than for the other
elements, and consequently the measured variations in S
across the remnant should be interpreted with some cau-
tion. As expected from the anti-correlation on the EWIs,
Mg, Si, and S abundances in the bright southeast regions
X, Y, and Z are among the lowest, about 0.4 solar for all
three. Fe is also quite low in these regions, 0.4−0.6 Fe.
4. DISCUSSION
4.1. Absorption
As might be expected from the X-ray image, the spec-
tral fits find generally higher absorbing column densities
in the fainter northeast and southwest regions (see Figure
8). It is unlikely that this variation is due to an artifact
from a systematic correlation with kT in the model fits,
as there is no apparent correlation between the two (Fig-
ure 9); thus these large NH variations appear to be real.
The C-shaped hole, which is also seen in the infrared
at 8 and 24 µm (Figure 2), has the highest column den-
sity. Some skepticism of the spectral fit for this region
is probably in order, due to the suspiciously low best-fit
values of Ne, Mg, and Fe and the high value of C970.
However, even restricting the parameters during the fit
to be similar to the best-fit parameters of neighboring
region K or the averages of all regions still results in
NH> 10
22cm2. Given the matching feature in the mid-
infrared images, it is likely that the ‘hole’ is caused by a
foreground dense molecular cloud (see the Appendix for
further discussion).
Figure 9. NH vs kT from the single vpshock spectral fits for all
regions. There is no apparent systematic correlation of NH with
kT .
4.2. CSM
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Table 3
Spectral Fits
Region Total NH kT net norm Ne Mg Si S Fe C970 d.o.f χ
2/
Counts (1022cm−2) (keV) (1011 s cm−3) (10−4 cm−5) d.o.f
A 6295 0.560.090.09 0.63
0.04
0.02 6.5
5.0
2.6 6.83
1.25
1.03 0.59
0.22
0.17 0.64
0.14
0.12 0.70
0.18
0.17 . . . 0.68
0.17
0.15 1.18
0.06
0.05 162 1.23
B 2506 0.630.090.10 0.80
0.17
0.11 1.4
1.3
0.6 1.78
0.44
0.38 0.78
0.31
0.30 0.49
0.19
0.15 0.71
0.37
0.27 . . . . . . 1.16
0.09
0.08 86 0.99
C 7800 0.600.070.08 0.60
0.02
0.02 9.6
6.2
3.6 9.37
1.52
1.49 0.89
0.27
0.21 0.73
0.18
0.13 0.74
0.21
0.17 0.66
0.54
0.48 0.79
0.23
0.13 0.97
0.05
0.04 177 1.20
D+E 9364 0.740.060.05 0.60
0.04
0.03 2.8
1.2
0.8 16.10
2.89
2.39 0.69
0.18
0.14 0.72
0.12
0.10 0.73
0.18
0.13 0.41
0.17
0.35 1.18
0.22
0.18 . . . 148 1.51
F 6889 0.820.060.06 0.61
0.06
0.04 2.5
1.5
0.9 9.27
2.28
1.66 0.74
0.19
0.19 0.77
0.16
0.12 0.97
0.23
0.19 . . . 1.44
0.29
0.24 0.86
0.04
0.04 170 1.12
G 16130 0.700.050.06 0.59
0.03
0.02 3.2
1.1
0.7 18.51
2.75
2.34 0.76
0.12
0.11 0.62
0.09
0.08 0.61
0.12
0.10 0.50
0.31
0.28 1.06
0.06
0.01 1.08
0.04
0.03 228 1.03
H 10108 1.220.150.08 0.53
0.03
0.07 3.5
1.8
1.1 36.33
15.03
5.77 0.64
0.13
0.13 0.52
0.09
0.08 0.52
0.11
0.10 0.76
0.73
0.35 0.92
0.19
0.15 1.04
0.04
0.04 211 1.27
I 7840 1.240.110.11 0.34
0.05
0.05 3.5
4.6
1.5 100.84
88.17
31.70 0.88
0.14
0.13 0.40
0.11
0.08 0.41
0.19
0.12 . . . 0.84
0.19
0.15 . . . 143 1.12
J 7351 0.780.090.10 0.55
0.05
0.05 3.1
1.8
1.1 7.98
3.93
2.15 1.01
0.21
0.21 1.02
0.21
0.10 0.95
0.29
0.23 . . . 1.32
0.30
0.20 1.04
0.05
0.04 169 1.07
K 6724 1.120.080.07 0.63
0.07
0.06 2.4
1.5
1.0 13.24
0.44
3.26 0.68
0.21
0.22 0.82
0.19
0.16 0.98
0.26
0.21 0.52
0.50
0.41 1.19
0.31
0.24 1.30
0.06
0.05 172 1.28
L 10680 0.930.050.06 0.62
0.04
0.02 3.7
1.8
1.2 19.34
2.58
2.32 0.47
0.13
0.12 0.54
0.09
0.07 0.52
0.11
0.10 0.48
0.26
0.24 1.03
0.17
0.16 1.02
0.05
0.04 206 1.27
M 13286 0.860.050.05 0.55
0.01
0.02 8.4
4.0
2.6 33.20
3.46
3.98 0.49
0.11
0.10 0.50
0.08
0.06 0.47
0.10
0.08 0.77
0.30
0.29 0.83
0.11
0.09 1.20
0.04
0.03 231 1.11
N 9127 1.140.060.11 0.54
0.11
0.04 2.0
0.5
0.6 20.49
5.08
8.50 1.40
0.21
0.15 0.97
0.27
0.12 0.71
0.19
0.13 . . . 0.91
0.33
0.13 1.07
0.06
0.04 192 1.22
O 8841 0.950.060.06 0.56
0.04
0.03 2.5
1.2
0.8 13.00
2.95
2.66 0.75
0.15
0.15 0.93
0.16
0.13 0.91
0.20
0.17 . . . 1.46
0.29
0.22 1.14
0.05
0.04 190 1.31
P 12107 0.970.060.06 0.53
0.02
0.02 8.8
5.5
2.7 35.51
4.56
3.62 0.51
0.11
0.09 0.47
0.07
0.07 0.57
0.08
0.09 0.46
0.24
0.23 0.78
0.10
0.10 1.10
0.04
0.03 227 1.20
Q 3991 0.980.080.08 0.63
0.09
0.07 2.5
2.0
1.0 14.53
4.88
3.15 0.42
0.14
0.15 0.39
0.10
0.08 0.41
0.14
0.11 0.78
0.43
0.39 0.72
0.26
0.20 . . . 100 1.45
R 12143 1.110.060.07 0.54
0.02
0.03 3.1
1.1
0.8 40.92
7.30
5.13 0.61
0.10
0.08 0.54
0.07
0.07 0.52
0.09
0.09 0.52
0.24
0.24 0.93
0.13
0.11 0.74
0.03
0.03 219 1.05
S 6188 1.220.080.07 0.58
0.06
0.05 2.7
1.5
1.0 14.94
5.23
3.48 0.76
0.20
0.18 0.68
0.16
0.13 1.00
0.25
0.20 0.88
0.60
0.47 1.14
0.32
0.24 1.13
0.06
0.05 166 1.25
T 7989 1.440.090.09 0.54
0.04
0.04 4.1
2.7
1.5 43.32
12.30
7.37 0.56
0.10
0.11 0.48
0.10
0.07 0.66
0.11
0.11 0.71
0.24
0.24 0.57
0.18
0.12 1.09
0.05
0.04 198 1.16
U 8419 1.330.060.07 0.54
0.03
0.03 3.8
2.4
1.3 33.39
7.24
4.94 0.55
0.13
0.12 0.60
0.11
0.09 0.75
0.15
0.13 1.09
0.41
0.37 0.88
0.20
0.16 1.17
0.05
0.04 194 1.14
V 16299 0.820.060.05 0.56
0.02
0.02 5.9
2.0
1.5 29.69
6.88
0.54 0.92
0.11
0.09 0.71
0.10
0.08 0.63
0.10
0.09 0.48
0.31
0.26 0.77
0.09
0.08 1.13
0.03
0.03 243 1.37
W 11462 1.040.070.06 0.59
0.03
0.02 5.7
2.9
1.8 30.15
4.74
3.66 0.60
0.12
0.11 0.50
0.08
0.07 0.56
0.09
0.09 0.83
0.28
0.24 0.67
0.12
0.10 1.12
0.04
0.04 231 1.20
X 8455 0.860.080.08 0.59
0.03
0.03 8.2
7.0
3.5 19.93
2.79
2.54 0.62
0.18
0.15 0.36
0.08
0.07 0.41
0.11
0.09 0.48
0.32
0.30 0.59
0.13
0.10 1.15
0.05
0.04 196 1.47
Y 14530 0.710.060.06 0.56
0.02
0.02 14.8
11.9
5.7 31.99
4.37
3.65 0.77
0.14
0.13 0.37
0.06
0.05 0.34
0.08
0.07 0.38
0.21
0.18 0.46
0.07
0.06 1.13
0.04
0.03 239 1.25
Z 10537 0.600.070.08 0.57
0.03
0.02 13.1
11.7
5.4 18.14
2.29
2.21 0.65
0.15
0.14 0.42
0.08
0.07 0.39
0.11
0.08 0.31
0.28
0.26 0.50
0.09
0.08 1.11
0.04
0.04 205 0.95
AA 10600 0.860.060.06 0.60
0.03
0.02 7.1
3.4
2.3 16.35
2.31
2.22 1.08
0.24
0.20 0.82
0.15
0.13 0.61
0.15
0.12 0.37
0.31
0.28 0.82
0.15
0.12 1.11
0.04
0.04 202 1.12
Hole 7514 1.440.110.35 0.59
0.16
0.09 1.2
5.5
0.6 27.67
16.56
12.96 0.33
0.10
0.24 0.22
0.08
0.06 0.53
0.12
0.10 . . . 0.20
0.19
0.10 1.54
0.09
0.08 182 1.20
Note. — Best-fit vpshock parameters to the regional spectra. The normalization is defined as 10−14(4piD2)−1
∫
nenHdV , where
D is the distance to RCW 103 and the integral is the volume emission measure. All abundances are relative to solar. Sulfur and iron
abundances are not given for regions in which they were unconstrained. C970 is the extra normalization factor applied to ObsID
970 (not given for the three regions that fall outside the ACIS-S3 field of view). Errors represent 90% confidence intervals.
In RCW 103 separating shocked CSM emission from
that of metal-rich ejecta is not straightforward. The av-
erage best-fit abundances of Ne, Mg, Si, S, and Fe are
all subsolar, which makes it likely that the CSM abun-
dances are also less than solar. We attempt to gain in-
sight into the CSM by examining a few regions that are
most likely to be dominated by CSM rather than ejecta.
There are a number of regions that have subsolar abun-
dances for all five elements. In particular, regions X, Y,
and Z show among the lowest abundances and are lo-
cated where IR and radio observations indicate the blast
wave is interacting with local atomic gas (Oliva et al.
1999; Reach et al. 2006; Pinheiro Gonc¸alves et al. 2011).
The average abundances for these three regions are Ne
= 0.68+0.09−0.08 Ne, Mg = 0.38± 0.04 Mg, Si = 0.38+0.06−0.05
Si, S = 0.39+0.16−0.15 S, and Fe = 0.52
+0.06
−0.05 Fe. Whether
it is assumed that these, the overall remnant averages, or
something in between are representative of the CSM, it
is clear that the CSM has distinctly subsolar Ne, Mg, Si,
S, and Fe abundances. These low abundances may also
suggest the progenitor had subsolar metallicity.
We estimate the post-shock electron density in each
region based on our measured volume emission measure.
We assume ne = 1.2nH , where nH is the number den-
sity of hydrogen, and that the path length of each region
along the line of sight is similar to its major axis in the
plane of the sky. The distance to RCW 103 is taken to
be 3.3 kpc. For regions X, Y, and Z, which appear to be
dominated by CSM emission, we find ne ∼ 30− 60f−1/2
cm−3 (where f is the volume filling factor of the X-ray
emitting gas). Similar densities are found in regions M
and P, which are located in the bright northwest area
and similar in many respects to the above regions. Den-
sities in the east (regions A-F) are significantly lower,
∼ 6 − 10f−1/2 cm−3. These eastern emission regions
appear as protrusions located beyond the forward shock;
combined with the lower densities, this may indicate that
these protrusions are clumps of shocked material that are
breaking out of the dense CSM shell.
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Table 4
Classification of Regions
Region Ejecta/CSM
A CSM
B CSM
C CSM
D+E Ejecta (Fe)
F Ejecta (Mg, Si, Fe)
G Ejecta (Fe)
H CSM
I CSM
J Ejecta (Mg, Si, Fe)
K Ejecta (Mg, Si, Fe)
L CSM
M CSM
N Ejecta (Ne, Mg)
O Ejecta (Mg, Si, Fe)
P CSM
Q Ejecta (S)
R CSM
S Ejecta (Si, S, Fe)
T CSM
U Ejecta (S)
V CSM
W Ejecta (S)
X CSM
Y CSM
Z CSM
AA Ejecta (Mg)
Hole CSM
4.3. Ejecta
Given that the CSM seems to have abundances .0.5
solar, regions with substantially higher abundances likely
include contributions from metal-rich ejecta. Taking the
abundances of regions X, Y, and Z to be representa-
tive of the CSM, we roughly classify all of the regions
into two categories. In the first category, the best-fit
abundances are at least twice these nominal CSM values
for one or more elements, indicating a considerable con-
tribution from metal-rich ejecta. The second category
includes the remaining regions, whose emission is most
likely dominated by CSM with very little or no contri-
bution from shocked ejecta. The classification of each
region is shown in Table 4.
We classify twelve regions as candidate ejecta regions.
We fit the spectra of these regions with a two-component
CSM+ejecta model. The model is the same as in the
previous fits, but with an extra thermal component to
represent the CSM. For each region, the absorbing col-
umn density (applied to both the CSM and ejecta compo-
nents) is fixed to the value from the single-component fit.
We assume the CSM is uniform and fix the abundances
and temperature to the averages of regions X, Y, and Z
from the single-component fits: Ne = 0.68+0.09−0.08 Ne, Mg
= 0.38 ± 0.04 Mg, Si = 0.38+0.06−0.05 Si, S = 0.39+0.16−0.15
S, Fe = 0.52+0.06−0.05 Fe, and kT = 0.57 keV. It is pos-
sible that the CSM does not have a uniform tempera-
ture distribution within the remnant; however our single-
component fits indicate little variation in temperature
across the remnant. Allowing the CSM temperature to
vary in our two-component model fits results in poorly
constrained ejecta temperatures, abundances, and ion-
ization ages (which tend to be higher, larger, and lower,
respectively), along with a systematically lower CSM
temperature (∼0.35 keV) that is inconsistent with the
temperature of regions X, Y, and Z. For the CSM com-
ponent, we first tried a vpshock model, but the best-fit
ionization timescales tended to be & 1012 s cm−3, so we
instead used an equilibrium model (vequil) to represent
the CSM. A vpshock component with free temperature,
ionization age, and Ne, Mg, Si, S, and Fe abundances
represents the ejecta. For five of the regions (D+E, Q,
U, K, and W), the single-component Ne abundance was
similar to or smaller than the nominal CSM value, and
the two-component fit was thus improved significantly
by fixing Ne = 0 in the ejecta component. This was also
the case for S in regions D+E and K. As with the single-
component fits, S was fixed to solar in regions where it
was unconstrained. Results from these fits are shown in
Table 5. While the CSM appears to be in equilibrium,
the ionization timescales of the ejecta are only a few 1011
s cm−3. The average ejecta temperature, at 0.66 keV, is
higher than that of the CSM, and it has a wider range,
from 0.53 keV to 0.85 keV. The ejecta abundances are
typically within a factor of two of solar, except in region
O, which has abundances of ∼2-7 solar.
Taking into account the EWIs and the spectral anal-
yses, we can provide a picture of the overall distribu-
tion of ejecta in RCW 103. Only a few regions seem
to contain significant Ne ejecta, all of which are located
(in projection) in the interior and also contain emission
from Mg ejecta. Mg ejecta is present in a small area
on the eastern edge of the remnant (regions D+E and
F, where the remnant appears to be slightly elongated),
with the remainder spread out in the north and west in-
terior and the very compact region AA. The distribution
of Si ejecta is nearly identical to that of Mg. Other than
a small clump near region H, it appears that S ejecta
is concentrated on the far western side of the remnant.
The most widespread element is Fe, which seems to be
present nearly everywhere except the far south, typically
in larger quantities than the other elements. The highest
concentrations of Fe ejecta essentially mirror the distri-
bution of Mg ejecta. While metal-rich ejecta appears to
contribute to the emission in many regions, we do not
find any features that are strongly dominated by this
ejecta emission as has been found in other young SNRs
(with the possible exception of region O).
We can compare the measured abundance ratios with
those from supernova nucleosynthesis models. O/Fe,
along with Si/Fe, typically are the most useful ratios
for distinguishing between nucleosynthesis models. How-
ever, the high absorption prevents any oxygen measure-
ments in RCW 103, and abundances measured from the
Fe L shell lines suffer from incomplete atomic data and as
a result have larger uncertainties. We instead use abun-
dances relative to Si, though the results are similar when
comparing to Fe. As it is only relevant to compare ejecta
abundances, not CSM, we compare only the ejecta abun-
dances from the CSM+ejecta model spectral fits. Figure
10 compares the ejecta abundances with respect to Si
to the predicted ratios from the core-collapse SN nucle-
osynthesis models of Nomoto et al. (2006) for a range of
progenitor masses. All models are of spherical explosions
with energies of 1051 ergs. We show models with both
solar and half solar metallicity progenitor stars. For a
solar metallicity progenitor, the Ne, Mg, and S abun-
dance ratios together prefer the 18 M model, driven
primarily by the Ne and Mg abundances. If the progen-
10 Frank et al.
Table 5
CSM+Ejecta Spectral Fits
Region normCSM kTejecta net normejecta Ne Mg Si S Fe C970 d.o.f χ
2/
(10−4 cm−5) (keV) (1011 s cm−3) (10−4 cm−5) d.o.f
D+E 6.402.213.16 0.75
0.09
0.06 1.4
0.8
0.4 7.26
3.35
1.74 0 0.88
0.21
0.20 0.82
0.22
0.22 0 2.34
0.51
0.56 . . . 150 1.84
F 4.052.633.23 0.64
0.10
0.08 1.4
1.1
0.7 5.81
3.39
2.05 0.92
0.43
0.31 0.95
0.34
0.22 1.19
0.49
0.30 . . . 1.82
0.63
0.42 0.86
0.04
0.04 170 1.10
G 5.01(<10.31) 0.590.050.02 2.3
1.2
0.9 13.94
6.50
4.10 0.92
0.32
0.24 0.73
0.23
0.17 0.70
0.24
0.18 0.55
0.54
0.43 1.21
0.28
0.23 1.08
0.04
0.03 228 1.03
J 3.25(<5.79) 0.530.060.09 2.1
1.5
1.0 5.57
2.63
1.82 1.33
0.58
0.41 1.36
0.68
0.43 1.20
0.70
0.39 . . . 1.65
0.73
0.43 1.04
0.05
0.04 169 1.05
K 4.363.203.48 0.83
0.12
0.11 1.1
0.8
0.3 6.12
2.97
2.04 0 0.97
0.34
0.20 1.10
0.44
0.27 0 2.32
0.83
0.52 1.31
0.05
0.06 174 1.39
N 0.30(<4.25) 0.550.040.06 1.9
0.6
0.5 19.90
4.24
4.34 1.41
0.14
0.16 0.98
0.22
0.11 0.71
0.12
0.12 . . . 0.93
0.22
0.14 1.07
0.04
0.04 192 1.22
O 9.311.341.47 0.54
0.09
0.07 0.2
0.1
0.1 5.42
1.48
1.20 1.79
0.56
0.36 3.46
1.64
1.05 4.55
2.77
1.71 . . . 6.82
5.11
2.53 1.15
0.04
0.04 190 1.27
Q 5.373.314.21 0.83
0.14
0.14 1.1
1.6
0.4 5.59
3.58
2.24 0 0.53
0.23
0.15 0.49
0.26
0.17 0.87
0.98
0.63 1.60
0.67
0.52 . . . 101 1.57
S 0.0(<2.79) 0.580.060.04 2.7
1.2
1.0 14.84
3.83
3.81 0.76
0.19
0.17 0.68
0.15
0.11 1.00
0.27
0.19 0.88
0.59
0.45 1.14
0.33
0.21 1.13
0.05
0.05 166 1.25
U 14.494.715.76 0.66
0.08
0.06 1.4
0.0
0.5 9.73
5.43
3.85 0 1.10
0.77
0.34 1.23
0.89
0.40 1.51
1.43
0.77 2.50
1.44
0.67 1.17
0.05
0.04 195 1.30
W 17.914.010.67 0.85
0.06
0.10 1.3
0.8
0.3 6.87
3.21
1.99 0 0.74
0.23
0.16 0.75
0.27
0.18 0.98
0.75
0.50 1.83
0.52
0.40 1.13
0.04
0.04 232 1.34
AA 0.22(<11.86) 0.600.050.02 6.9
2.4
4.2 16.12
2.60
9.86 1.08
0.62
0.10 0.82
0.12
0.11 0.61
0.13
0.11 0.37
0.35
0.37 0.83
0.35
0.12 1.11
0.04
0.04 202 1.12
Note. — Best-fit parameters from the vequil+vpshock fits to the ejecta regional spectra. The normalizations and C970
have the same definitions as given in Table 3. Abundances are relative to solar. For several regions that had Ne and/or S
abundances less than the nominal CSM abundances in the single-component fits, it was necessary to fix the ejecta Ne and/or
S to zero. As in the single-component fits, S was fixed to 1 where unconstrained. Errors represent 90% confidence intervals.
itor had a metallicity of about half solar (as suggested
by the CSM abundances), the results are similar, but
also roughly match the 20 M model. The measured
Fe/Si ratio is quite high and neither the average value or
the ratios of any individual regions are consistent with
any of the models; however, the Fe abundance is mea-
sured by weak L-lines, and thus may be less reliable or
involve larger uncertainties than the other abundances.
Overall, the ejecta abundances suggest that RCW 103
had a progenitor with approximately 18 − 20 M. This
should be taken with some caution, as 1) it is supported
primarily by Ne and Mg, whereas the S abundances are
consistent with both higher and lower mass models, and
the Fe/Si ratios are substantially higher than predicted
for any model, and 2) it assumes that regions O, P, and
U are representative of the CSM and that the measured
abundances are therefore “pure” ejecta.
The preferred progenitor mass is near the upper bound-
ary for Type IIP supernovae (Heger et al. 2003), sug-
gesting RCW 103 might be the remnant of a Type IIP
supernova from a red supergiant. The existence of a neu-
tron star also argues for a progenitor mass of . 25 M
(Fryer 1999; Heger et al. 2003). This is in contrast to
the larger progenitor mass suggested by the dense CSM
shell, which would suggest a higher mass-loss rate and is
thus more compatible with a Type IIL/b origin, as also
proposed by Chevalier (2005). A scenario in which the
progenitor was part of a binary system may somewhat
alleviate this discrepancy, as it would alter the mass-loss
rate. Such a binary scenario is also one of the two lead-
ing hypotheses for explaining the strange nature of the
CCO (Pizzolato et al. 2008; Bhadkamkar & Ghosh 2009).
Unfortunately, the superposition of CSM and metal-rich
ejecta emission throughout the remnant, along with the
variations in absorbing column density, make a reliable
estimate of the shocked CSM mass very difficult in the
current data. Further constraints on the nature of the
progenitor via ejecta abundance measurements or esti-
mates of the CSM mass will require deeper X-ray ob-
servations, as the two-component spectral fits necessary
to separate the ejecta emission from CSM emission are
hampered by low statistics and high absorption.
5. CONCLUSIONS
We analyzed three Chandra observations of the Galac-
tic supernova remnant RCW 103. Investigation of the
X-ray images and the spectral analysis of 27 regions find
that large areas of RCW 103 are subject to significant ab-
sorption, which varies across the remnant and is stronger
in the north and west. The electron temperature, how-
ever, is fairly uniform at ∼0.58 keV. The highest ioniza-
tion timescales are in the southeast and northwest re-
gions, which are associated with the brightest emission
at all wavelengths and are known to be sites of shock
interaction with ambient atomic and molecular gas.
Both the equivalent width images and spectral analyses
of the regions indicate that the Ne, Mg, Si, S, and Fe
abundance distributions in RCW 103 are inhomogeneous
and can vary from region to region, from about 0.3 to
1.4 solar. The EWIs show that Mg, Si, and S emission
appears to be anti-correlated with the bright southeast
region. The lowest measured abundances are generally
found in this part of the remnant, . 0.5 solar for Mg, Si,
S, and Fe, and ∼0.7 for Ne. In addition, the average best-
fit abundances of Ne, Mg, Si, S, and Fe for the entire SNR
are all subsolar; this implies that the CSM abundances
are also less than solar.
From CSM+ejecta model fits to a number of the re-
gional spectra, we find ejecta abundances of a few times
solar, ∼ 1 − 5, with Fe being the most abundant. All
five elements (Ne, Mg, Si, S, and Fe) appear to be scat-
tered over the face of the remnant, including near the
edges and in (or projected on) the interior. This may
indicate that at least in some areas, core products (Si,
S, Fe) have propagated into the remnant outskirts, i.e.
some amount of ejecta mixing or overturning has pos-
sibly occurred. Comparisons of ejecta abundance ratios
from the CSM+ejecta spectral fits with nucleosynthe-
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Figure 10. Comparison of the abundance ratios predicted by the
Nomoto et al. (2006) models for different progenitor masses (in
units of solar mass) and metallicities (top = solar metallicity, bot-
tom = 0.5 solar metallicity) to the best-fit abundance ratios of the
12 ejecta regions, as measured from the two-component spectral
fits. The small gray points and bars represent the individual abun-
dance ratios of each region and their associated errors (each slightly
offset horizontally for visibility). The black × are the average of
these ratios for each element.
sis model predictions, despite finding larger Fe/Si ratios
than predicted for any progenitor mass, overall suggest
a progenitor mass of ∼18-20 M, corresponding with a
relatively high-mass Type IIP origin (Heger et al. 2003).
The main challenge in characterizing the abundances in
RCW 103 is disentangling ejecta emission from shocked
CSM. Despite some contribution from metal-rich ejecta
in a number of regions, the X-ray emission is typically
dominated by shocked CSM. This may indicate an un-
usually dense or massive CSM, whose emission drowns
out much of the ejecta emission, and/or a relatively small
quantity of metal-rich ejecta that is only present in sig-
nificant quantities along some lines-of-sight. CSM densi-
ties estimated from spectral fits to the brightest regions
(in the southeast and northwest) are ne ∼ 30− 60f−1/2
cm−3 (where f is the volume filling factor of the X-ray
emitting gas). These densities are several times lower in
the east, where the emission extends beyond the forward
shock (Figure 1), possibly indicating that the remnant is
expanding into a more tenuous ambient medium in this
direction.
The apparently large amount of CSM may indicate
a high mass-loss rate for the progenitor, and therefore
a Type IIL/b origin, as proposed by Chevalier (2005).
This is in tension with both the low progenitor metallic-
ity implied by the CSM abundances, which would lead to
lower mass-loss rates, and the somewhat lower progenitor
mass implied by the ejecta abundance ratios. The fact
that a neutron star was created also implies a progenitor
mass of .25 M, as a more massive star would have re-
sulted in a black hole (c.f. Fryer 1999; Heger et al. 2003).
Solving this discrepancy may have implications on the
mysterious nature of the CCO. Note that many stellar
evolution and SN models, including Heger et al. (2003),
assume an isolated, non-rotating star. A binary system is
a major ingredient in many of the proposed explanations
for the CCO’s strange variability (e.g. Pizzolato et al.
2008; Bhadkamkar & Ghosh 2009), and binary interac-
tions could have played a role in the mass loss of the
progenitor, affecting both the CSM and the final progen-
itor mass.
RCW 103 is an unusual system. It displays an appar-
ent dearth of metal-rich ejecta compared to similarly-
aged SNRs, and it contains a unique and unexplained
CCO. The current analysis demonstrates the existence of
some metal-rich ejecta, but the strong CSM emission pre-
vents precision measurements of the ejecta abundances.
Conversely, the presence of metal-rich ejecta, though mi-
nor, along with strong variations in absorbing column
density and other physical properties, make it difficult
to constrain overall properties of the CSM, such as the
total swept-up mass. Deeper observations are needed
to more precisely separate the CSM and ejecta emission
and thereby obtain better constraints on the properties
of both components, and through them the origin of the
remnant and its CCO.
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APPENDIX
REGION DESCRIPTIONS
Many of the individual regions can be grouped together based on abundances and ionization timescales from the
single vpshock spectral fits, which indicate similar physical conditions within each group. We briefly discuss each of
these groups, as well as regions which do not fit into any groups.
Group 1
The three southern regions X, Y, and Z represent the brightest X-ray emission. They are also colocated with the
brightest 24 µm, optical, and radio emission. IR imaging and spectroscopy has revealed shocked atomic gas in the same
location (cf. Figure 17 in Reach et al. 2006). The abundances are all among the lowest anywhere in the remnant, and
the ionization timescales among the highest (net = 8−15×1011 s cm−3), suggesting high densities, as do the estimated
densities from the model normalizations. This bright area appears to be where the main blast wave is impacting dense
ambient material and shock-heating local dust. The nominal CSM abundances are taken to be the average of these
three regions, Ne = 0.68+0.09−0.08 Ne, Mg = 0.38± 0.04 Mg, Si = 0.38+0.06−0.05 Si, S = 0.39+0.16−0.15 S, and Fe = 0.52+0.06−0.05
Fe.
Group 2
The brightest emission in the north comes from regions M and P, which are more similar to the bright regions
in the south (X, Y, and Z) than to neighboring regions in the north or west. They have high ionization timescales
and are coincident with shocked atomic gas seen in the IR. Both have Ne abundances less than the CSM values and
only slightly enhanced Mg (∼0.5 Mg), Si (∼0.5 Si and ∼0.6 Si), and Fe (∼0.8 Fe). Region M, easily the most
significant peak in the S EWI, also has enhanced S (0.77+0.30−0.29S). These two regions may contain small amounts of
Mg, Si, and Fe ejecta (and S in region M), but are overall quite similar to CSM-dominated regions in the south where
the blast wave is shocking ambient atomic gas.
Group 3
Regions C, V, and AA are located in the southern half of the remnant. Region AA is a bright knot in the eastern
interior, region V is a fainter, more absorbed, region to the west, and region C is one of the larger protrusions on the
southeast edge. Ionization timescales for this group are larger than average, net ∼ 6− 9.5× 1011 s cm−3. All regions
have Ne abundance values of ∼1 and enhanced Fe, Si, and Mg abundances (∼0.8 Fe, 0.6 − 0.75 Si, and 0.7 − 0.8
Mg respectively). The S abundance is near or slightly above the CSM value, ∼ 0.4 − 0.6 S. The CSM+ejecta
spectral fit to region AA measures ∼solar abundances of Ne, along with enhanced Mg (0.82+0.12−0.11 Mg), Si (0.61+0.13−0.11
Si), and Fe (0.83+0.35−0.12 Fe). These regions likely contain minor amounts of Ne, Si, Mg, and Fe ejecta, along with the
usual large amount of CSM.
Group 4
The two southern-most protrusions, regions A and W, along with region T in the west, have similar spectral
properties. A and W are colocated with molecular emission (traced by the 4.5 µm emission, Figure 2). Ionization
timescales are ∼ 4 − 6.5× 1011 s cm−3. In all three regions, Ne is less than the CSM value, Mg and Si are slightly
enhanced (0.5− 0.7 solar), and Fe is slightly elevated, though consistent with the CSM value. As expected from the S
EWI, in regions T and W, S is moderately enhanced (0.71±0.24 S and 0.83+0.28−0.24 S, respectively), while region A has
no detectable S line. Region T is the most highly absorbed region, tied with the hole, with NH = 1.44±0.09×1022cm−2.
Region W is distinct from the other protrusions in that the emission is markedly harder (blue in Figure 1), similar to
the metal-rich regions found in N49 (Park et al. 2012). The CSM+ejecta model fit to the region W spectra confirms
subsolar quantities of Mg and Si ejecta, and higher S and Fe ejecta abundances of 0.98+0.75−0.50 S and 1.83
+0.52
−0.40 Fe,
respectively. There appears to be some Si, Mg, and Fe in all three regions and S in regions T and W, but no Ne.
The combination of higher absorption and a prominent S line in region W is likely what set it apart from the other
protrusions.
Group 5
Despite being widely separated, regions G, H, L, and R all have similar spectral characteristics. Regions G and L
are both bright knots in the southeast interior and northwest rim, respectively, while R and H are fainter, more diffuse
features on the northeast and western edges. Their ionization timescales are 3 − 4×1011 s cm−3. Ne abundances are
all . the CSM value. Mg and Si are only slightly enhanced in each region, measuring 0.5−0.6 solar. Fe is ∼solar. S is
constrained in all four regions, and is somewhat higher than the CSM value, especially in region H, where S = 0.76+0.73−0.35
S. The two-component spectral fit to region G finds ejecta abundances of Ne = 0.92+0.32−0.24 Ne, Mg = 0.73
+0.23
−0.17 Mg,
Si = 1.23+0.89−0.40 Si, S = 0.55
+0.54
−0.43 S, and Fe = 1.21
+0.28
−0.23 Fe. Overall, regions G, H, L, and R seem to contain Fe
ejecta, along with minor amounts of Mg, Si, and possibly S (particularly in region H).
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Group 6
The largest group includes regions D+E, F, J, K, O, and S. Region D+E, two prominent protrusions which were
combined for the spectral analysis, and nearby region F are located at the very soft eastern edge in the vicinity of
ambient unshocked material (illustrated by the 8 µm emission). Regions J, K, O, and S are all on the opposite side
of the remnant, but in the interior rather than the edge. All have ionization ages of ∼2.5 − 3.0×1011 s cm−3 and
correspond to bright knots or filaments of X-ray emission with supersolar Fe abundances. Si abundances in all regions
are very close to solar, except region D+E with Si = 0.73+0.18−0.13 Si. Mg abundances are lower, 0.7− 1.0 Mg, but still
enhanced. The Ne abundances are all consistent with the CSM value, except region J (Ne = 1.01 ± 0.21 Ne). S is
only constrained in regions D+E and K, where it is consistent with the CSM value (though with large uncertainty),
and region S, where it is slightly higher at 0.88+0.59−0.45 S. CSM+ejecta model fits find ∼solar Ne abundances (where not
zero), except in regions J and O with Ne = 1.33+0.58−0.41 Ne and 1.79
+0.56
−0.36 Ne, respectively. Mg ranges from 0.7− 1.4
Mg, Si from 0.8−1.2 Si, and Fe from 1.6−2.3 Fe, except in region O. Region O is an outlier in this group, with the
highest abundances measured anywhere in the remnant, Mg = 3.46+1.64−1.05 Mg, Si = 4.55
+2.77
−1.71 Si, and Fe = 6.82
+5.11
−2.53
Fe, along with a very low ionization age of 0.2± 0.1×1011 s cm−3. S is unconstrained or zero in every region except
S, where it is the same as in the single-component fit. The high Fe abundances in all of these regions, in both the one-
and two-component spectral fits, coupled with the enhanced Si and Mg, suggest they contain some Mg and significant
Si and Fe ejecta, Ne in only some regions and very little S. These regions are the most similar to the metal-rich ejecta
features found in other SNRs, especially region O.
Unique Regions
The first unique region is located in the highly absorbed southwest of the remnant with net = 3.8
+2.4
−1.3×1011 s cm−3.
As indicated in the EWIs, region U has little Ne (less than the CSM value), slightly enhanced Mg (0.60+0.11−0.09 Mg),
and moderately enhanced Si (0.75+0.15−0.13 Si) and Fe (0.88
+0.20
−0.16 Fe). Region U is the only region with a supersolar
S abundance in the single-component fits, at 1.09+0.41−0.29 S, though the large uncertainties make it consistent with
the lower S abundances seen in other regions. From the two-component spectral fit we find ejecta abundances of Mg
= 1.10+0.77−0.34 Mg, Si = 1.23
+0.89
−0.40 Si, Fe = 2.50
+1.44
−0.67 Fe, and S = 1.51
+1.43
−0.77 S, the highest S measured anywhere in
the remnant. Region U likely contains significant S and Fe ejecta, as well as Mg and Si, but lacks Ne.
Region I is located in the area of very soft emission at the northern rim, near an area of unshocked local material
and shocked dust (green and red in Figure 2). It has a similar ionization timescale to region U. The Mg, Si, and S
EWIs suggest no enhanced abundances from these elements, and this is confirmed in the spectral analysis. Ne and Fe
abundances, however, are both somewhat enhanced, 0.88+0.14−0.13 Neand 0.84
+0.19
−0.15 Fe, respectively. The temperature
of region I is unusually low, kT = 0.34± 0.05 keV rather than the more typical kT ∼ 0.55 keV seen in other regions.
Region Q is a small bright knot protruding from the western edge. It is notably soft and located in the same
position as molecular emission seen at other wavelengths. The ionization timescale is net = 2.5
+2.0
−1.0×1011 s cm−3. The
Ne, Mg, and Si abundances are all similar to the CSM values, but Fe and S are both elevated (∼0.75 solar). The
CSM+ejecta model spectral fit confirms this picture, with Mg and Si ejecta abundances of ∼0.5 solar and S and Fe
ejecta abundances of 0.87+0.98−0.63 S and 1.60
+0.67
−0.52 Fe, respectively. Region Q may be a small knot of Fe and S ejecta
that is proceeding slightly ahead of the main shock.
A bright knot near the center of the remnant, region N is aligned with bright or moderately bright features in
the Ne Heα+Fe L, Ne Lyα, and Mg EWIs. It has a low ionization timescale (net = 2.0
+0.5
−0.6×1011 s cm−3) but high
abundances, 1.8− 2.5 times the CSM values for Ne, Mg, Si, and Fe (S is unconstrained). Ne, in particular, at 1.4+0.21−0.15
Ne, is the highest measured anywhere in the remnant from the single-component spectral fits. As expected from the
EWIs, both Mg and Fe are also relatively high, ∼solar. Si is slightly lower, but still enhanced. A CSM+ejecta fit to
the spectra finds ∼ solar abundances of Mg and Fe, a Si abundance of 0.71± 0.12 Si, and about the same Ne as in
the single-component fits, suggesting the presence of ejecta of all four elements, especially Ne.
Region B is one of the small protrusions on the southeast edge of the remnant. It contains the fewest counts
of any region; as a result, the spectral properties are poorly constrained. With this caveat in mind, the measured
ionization timescale is very low (net = 1.4
+1.3
−0.6×1011 s cm−3), and the temperature is abnormally high compared to
other regions. The Si abundance, and possibly Ne and Mg, appear to be marginally enhanced compared to the nominal
CSM abundances. If this is the case, it would indicate a small amount of ejecta may contribute to the X-ray emission.
Fe and S abundances are both unconstrained in this region.
The last region is the hole, which has spectral properties unlike any other region. In addition to being highly absorbed
(see §4.1), the abundances, except Si, are all extremely low; Ne, Mg, and Fe are lower than any other region. The
ionization timescale is also very low, though with considerable uncertainty. The extremely low abundances combined
with an abnormally high Obs ID 970 normalization factor suggest that these measurements should be interpreted with
caution. The high column density, however, is not dependent on the other spectral properties. Given the corresponding
feature in the IR images, it is likely that a foreground cloud is responsible for the low X-ray and IR emission in this
region, consistent with the presence of dark clouds mentioned by Reach et al. (2006). However, the X-ray emission in
the hole is higher than expected given the strong absorption at 8 and 24 µm. Out-of-time events and scattering due
to the wings of the PSF can be ruled out as sources of the observed X-ray emission, but it is plausible that the hole
emission is contaminated by photons from other areas of the remnant being scattered by intervening dust in the ISM.
